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Comptonization signatures in the prompt emission of
Gamma Ray Bursts
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ABSTRACT
We report results of a systematic study of the broad–band (2–2000 keV) time–
resolved prompt emission spectra of a sample of Gamma-Ray Bursts (GRBs)
detected with both the Wide Field Cameras (WFCs) aboard the BeppoSAX
satellite and the BATSE experiment aboard CGRO. The main goal of the paper
is to test spectral models of the GRB prompt emission that have recently been
proposed. In particular, we test the photospheric model proposed by Ryde and
Pe’er (2009), i.e., blackbody plus power–law, the addition of a blackbody emission
to the Band function in the cases in which this function does not fit the data, and
the Comptonization model developed by Titarchuk et al. (2012). By considering
the few spectra for which the simple Band function does not provide a fully
acceptable fit to the data (Frontera et al. 2012), only in one case we find a
statistically significant better fit by adding a blackbody to this function. We
confirm the results found fitting the BATSE spectra alone with a blackbody
plus a power law. Instead when the BATSE GRB spectra are joined to those
obtained with WFCs (2–28 keV), this model becomes unacceptable in most of
time intervals in which we subdivide the GRB light curves. We find instead that
the Comptonization model is always acceptable, even in the few cases in which
the Band function is inconsistent with the data. We discuss the implications of
these results.
Subject headings: gamma rays: bursts — gamma rays: observations — radiation
mechanism: thermal
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1. Introduction
In spite of the huge advances in the knowledge of the GRB afterglow properties mainly
with Swift , the GRB phenomenon is still poorly understood (e.g., Lyutikov 2009; Zhang
2011). It is recognized to be of crucial importance the study of the prompt emission, which
is more directly connected with the original explosion. One of the still open issues is the
radiation emission mechanism at work. Most of the GRB properties derived thus far come
from the time–averaged spectra, that are mainly described with empirical functions. The
function that has been found to better describe the prompt emission spectra from 15 keV
up to at least 10 MeV is a smoothly broken power–law proposed by Band et al. (1993)(Band
function, bf). On the basis of the spectral data obtained with the Burst and Transient Source
Experiment (BATSE), aboard the Compton Gamma Ray Observatory satellite (CGRO) and
with other satellite data (e.g., Guidorzi et al. 2011), for long GRBs (>2 s), the mean value
of the low energy photon index α of the bf is about −1, while that of the high energy
photon index β is about −2.3 (Kaneko et al. 2006). As a consequence of this result, the
received power per unit logarithmic energy interval EF (E) shows a peak value, that in the
BATSE era seemed to show a sharp Gaussian distribution around 200 keV. Actually, with
the discovery of the X–ray flashes with BeppoSAX , later also found with HETE-2, Swift ,
and, now, with the Fermi Gamma-Ray Burst Monitor (GBM), this distribution results to
be much flatter (e.g., Kippen et al. 2003; Sakamoto et al. 2005). In the cases in which β
cannot be constrained, a power–law model with a high energy exponential cutoff (cpl) gives
a good fit to the data, and, in some cases, even a simple power law (pl) can describe the
GRB time–averaged spectra up to several MeV photon energies.
Besides fitting with an empirical function, different radiative emission models have been
developed to interpret the GRB spectra. Given their non thermal shape, the first model
proposed was a synchrotron emission model by non thermal electrons in strong magnetic
fields (Rees & Meszaros 1994; Katz 1994; Tavani 1996). Indeed, the time–averaged spectra
of many GRBs are consistent with an optically thin synchrotron shock model (e.g., Tavani
1996; Amati et al. 2001). However, there is a significant number of GRBs for which this
model does not work. Indeed, while for an optically thin synchrotron spectrum, the expected
power-law index of the EF (E) spectrum below the peak energy Ep cannot be steeper than
4/3 (ideal case of an instantaneous spectrum in which the electron cooling is not taken
into account), in many cases (e.g., Preece et al. 1998, 2000)) the measured spectra, even
those time–resolved (Crider et al. 1997; Frontera et al. 2000), are inconsistent with these
expectations.
To overcome these difficulties, either modifications of the above synchrotron scenario
(e.g., Lloyd & Petrosian 2000), or other radiative models, have been suggested. Among them,
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we mention the synchrotron self-Compton model (Me´sza´ros & Rees 2000; Stern & Poutanen
2004), the Compton up-scattering of low energy photons by a quasi–static plasma (Liang et al.
1997), the superposition of blackbody spectra (Blinnikov et al. 1999), the Compton drag
emission model (Lazzati et al. 2000), thermal emission plus a possible non-thermal tail model
(Lazzati et al. 2009). Each of these models interprets some of the emission features, but fails
to interpret others.
One of the GRB spectral properties that the emission models should interpret is a
correlation between the intrinsic peak energy Ep,i of the EF (E) function and either the
GRB released energy Eiso (Amati et al. 2002) or the peak bolometric luminosity Lp,iso
(Yonetoku et al. 2004). Both correlations (Amati relation and Yonetoku relation) have been
derived from the time integrated spectra assuming isotropic emission. Actually, the Am-
ati relation (Ep,i = aE
m
iso, with a = 98 ± 7 keV when Eiso is given in units of 10
52 erg, and
m = 0.54±0.03, Amati et al. (2008)) has been questioned by various authors (Band & Preece
2005; Butler et al. 2007, 2009; Shahmoradi & Nemiroff 2011), but it is a matter of fact that
this relation is confirmed by all GRBs (more than 150) with known redshift z and determined
Ep,i discovered thus far, except GRB980425 (but see Yamazaki et al. 2003; Ghisellini et al.
2006), the nearest and less energetic event ever observed (z = 0.0085). Many models have
been suggested to explain the Amati relation (see discussion in Ghirlanda et al. (2010)).
We should list some of them. Namely, they are: the model proposed by Zhang & Me´sza´ros
(2002) in the context of the standard synchrotron shock scenario, which is based on the
assumption that a considerable fraction of the prompt emission flux is due to blackbody
(Rees & Me´sza´ros 2005; Thompson 2006; Thompson et al. 2007), the model proposed by
Giannios & Spruit (2007), which is based on the magnetic reconnection mechanism, in which
the flow that powers a GRB is initially Poynting flux dominated, the model proposed by
Panaitescu (2009), in which the prompt emission is synchrotron radiation from the external
shock. The tests already performed for these models show that either the theoretical expec-
tations are not found in the data (e.g., Ghirlanda et al. 2007) or the constraints imposed by
the models could not be verified with the observations.
Given the significant evolution of the GRB spectra and the fact that many models
can predict the shape of the instantaneous spectra, studies of the measured time–resolved
spectra have also been performed by several authors. These studies are strongly expected to
go deeper in the issue of the radiative mechanisms at work during the prompt emission. Thus
far, fits of time–resolved spectra with physical and/or semi–empirical models have already
been performed. One of these models is a simple blackbody (bb) (Ghirlanda et al. 2003),
that was found to be suitable to describe the first few seconds of GRB prompt emission.
Another model is the sum of a bb plus a power–law component (Ryde 2004, 2005) with
time-dependent spectral parameters. This spectral model was found to describe the time–
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resolved spectra of the prompt emission of a sample of BATSE GRBs. Later, Ryde & Pe’er
(2009) have confirmed the validity of this blackbody plus power-law model using a sample
of 56 bright BATSE GRBs. The authors stress the fact that the existence of a thermal
component is a natural outcome of the fireball model. In fact, in the fireball scenario,
in addition to an internal shock emission region, it is expected to see a thermal emission
from the region where the fireball becomes optically thin (optical depth τ = 1) during its
expansion (fireball photosphere). Indeed, detailed calculations performed by Fan (2010) show
that a thermal component should be apparent for reasonable values of the GRB parameters
(isotropic-equivalent outflow luminosity Liso ≈ 10
52 erg s−1, final bulk Lorentz factor Γ ≈ 103
and initial radius of the outflow R0 ≈ 10
6 cm).
However, observational results show a more complex phenomenology. In a well–studied
case of the Fermi GRB080916C (Zhang & Pe’er 2009; Fan 2010), in which outflow pa-
rameters have been constrained and a significant thermal emission should have been vis-
ible, no evidence of a thermal component was found (Abdo et al. 2009b). A multicolor
blackbody plus a power–law model is the best description of the prompt emission spectrum
of GRB090902B given by Ryde et al. (2010), but see also Zhang et al. (2011); Pe’er et al.
(2012). In some other cases, like GRB100724B, the spectrum shows, in addition to the Band
function, a component which is consistent with a blackbody with a temperature of about
40 keV (Guiriec et al. 2011). Also GRB110721A, a burst dominated by a single emission
episode, shows a time–resolved spectrum that has been described with a Band function plus
a blackbody component (Axelsson et al. 2012). But, in general, the Band function, with a
possible cutoff at very high energies (Ackermann et al. 2012), fits the data. The absence of
a thermal component in many GRBs could be due to the fact that the outflow properties
change from burst to burst. For example, for a relativistic outflow dominated by a Poynting
flux component (Lyutikov & Blandford 2003), a very weak thermal photospheric emission
is expected. Alternatively, its absence could be, e.g., due to the limited passband of the
used detector, for example, a threshold passband higher than that would be required for the
detection of the thermal component. In the case of BATSE, the lower energy threshold is
about 25 keV, while in the case of the Fermi/GBM instrument it is ∼10 keV. If the thermal
emission is characterized by a lower temperature (a kTbb ∼1 keV was found by Frontera et al.
(2001)), it could escape most of the observations of the GRB prompt emission performed thus
far. Actually, thermal components have been observed in the early afterglow of a number of
Swift GRBs (Starling et al. 2012; Sparre & Starling 2012; Friis & Watson 2013), thanks to
the low energy threshold (0.5 keV) of the X–ray Telescope (XRT) aboard.
The Wide Field Cameras (WFCs) aboard the BeppoSAX satellite were among the
few instruments that detected GRB prompt emission down to 2 keV (Frontera et al. 2009;
Guidorzi et al. 2011; Frontera et al. 2012a,b). Some of these GRBs were simultaneously
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observed with BATSE. In this work, using the time–resolved spectra of GRBs detected
with both WFCs and BATSE (among which GRB 990123, that is part of the Ryde & Pe’er
(2009) sample), we report on the results obtained from the test of the bb plus pl model
adopted by Ryde & Pe’er (2009) but also suggested by Lazzati et al. (2009), the search of
a bb component in addition to bf, and the test of the X–ray spectral model (grbcomp)
recently proposed by some of us (Titarchuk et al. 2012, hereafter T12).
grbcomp is essentially a photospheric model for the prompt emission of GRBs. Its main
ingredients are a thermal bath of soft seed photons which are Comptonized by a subrelativis-
tically expanding outflow characterized by a Maxwellian electron plasma with temperature
kTe and Thomson optical depth τ . A non–relativistic expansion at the beginning of the
explosion is also expected in the electromagnetic outflow model by Lyutikov & Blandford
(2003). The outgoing emerging spectrum at least up to the peak of the EF (E) diagram
is the result of multiple Compton scatterings of the seed photons in an hot environment
having τ > 1. Under these conditions, the Comptonization parameter Y ∝ Θτ 2 ≫ 1 where
Θ = kTe/mec
2, and quasi-saturated spectra are produced. The immediate consequence of
this result is that the peak energy Ep of the EF (E) spectrum mostly depends on the electron
temperature kTe, with a modification induced by the fact that the plasma is not static, but
subrelativistically moving outwards (T12). The high-energy power-law tail above the energy
peak of the model is instead phenomenologically obtained by the convolution of the subrela-
tivistic Comptonized spectrum with a broken powerlaw upscattering Green’s function. The
reason for this pure mathematical treatment of the second part of the spectrum resides on
the fact that, whatever its origin, the underlying process giving rise to tails extending in some
case up the GeV energies cannot be treated using classical Comptonization equations (e.g.
Fokker-Planck approximation), but presumably will require a fully relativistic treatment of
the photon-electron interaction. Possible physical interpretations of the last convolution are
discussed by T12. A possible scenario is an explosion inside the progenitor star with the
production of a sea of seed photons plus, in a small region, likely around the star spin axis, a
hot Compton cloud. Due to the radiation pression, a hot outflow is activated, whose velocity
is sub-relativistic until the sonic point, where it becomes relativistic. In the relativistic jet
region the optical depth is less than 1, thus only a small fraction of the photons Comptonized
during the non relativistic phase are further up scattered. Most of the photons freely pass
through the jet. The small fraction of up scattered in the jet is strictly directed along the
jet direction, while the photons Comptonized in the subrelativistic stage of the outflow are
isotropically emitted. The photons up-scattered by the jet only modify the high energy tail
of the emitted spectrum. In this case, the convolution can be interpreted as an Inverse
Compton of the relativistic plasma outflow with the Comptonized photons.
Another possibility is that the electron distribution of the Compton cloud is not fully
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Maxwellian, but is characterized by an hybrid distribution with a suprathermal powerlaw
component. In this case, the two-step approach of the radiative transfer equation of gr-
bcomp – solution of subrelativistic Fokker-Planck equation and its convolution with the
up-scattering Green’s function – would exactly mimic the multiple scattering photon inter-
action off a hybrid thermal/non-thermal electron population.
The grbcompmodel somewhat resembles the scenario proposed by Lazzati et al. (2000)
for their Compton-drag model, but with two main differences. In grbcomp the outflow
is subrelativistic and multiple scatterings are assumed, while in Lazzati et al. (2000) the
spectrum is formed from single-scattering Inverse Compton of the thermal photons off a
relativistic outflow. From the numerical simulations performed by T12, it results that the
photon peak energy of the EF (E) spectrum is mainly related to kTe and, at lower level, to
the bulk parameter δ (see below), while the released energy depends on both the electron
and seed photon temperatures.
2. GRB sample and spectral analysis
The entire number of GRBs simultaneously detected with WFCs and BATSE is 20:
960720, 970111, 970508, 971206B, 971214, 971227, 980109, 980326, 980329, 980425, 980519,
990123, 990510, 990625, 990806, 990907, 991014, 991030, 991105, and 000424. However,
only four of them (970111, 980329, 990123, and 990510) were sufficiently bright to allow
a fine time–resolved spectroscopy (see Table 1) in both instruments. These GRBs are the
same used to derive the time–resolved Ep–Liso correlation (Frontera et al. 2012a,b).
The instrumentation that detected these bursts is widely described in the literature. For
the BATSE experiment see, e.g., Fishman et al. (1994), for WFC, see Jager et al. (1997).
The BATSE spectra were taken from the Large Area Detectors (LADs), whose typical pass-
band is 25–2000 keV. The LADs provide various types of data products. The data used for
this analysis are the High Energy Resolution Burst (HERB) data, that provide 128 energy
channels with a minimum integration time of 64 ms. For details on the BATSE spectral data
products and detector response matrix, see Kaneko et al. (2006) and references therein.
The WFCs consisted of two coded aperture cameras, each with a field of view of 40◦×40◦
(full width at zero response) and an angular resolution of 5 arcmin. They operated in normal
mode with 31 energy channels in 2–28 keV and 0.5 ms time resolution.
The background–subtracted light curves of the 4 strongest GRBs in our sample detected
with both BATSE and WFCs are shown in Fig. 1. For the BATSE data, the background
level was estimated using the count rates immediately before and after the GRBs. Given
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that the background is variable during the GRB, it was estimated by means of a parabolic
interpolation, channel by channel, between the background measured before the event and
that after the event. Instead, for WFC spectra, the background level was estimated using
an equivalent section of the detector area not illuminated by the burst or by other known
X-ray sources. We also checked the consistency of this background level with that obtained
by using the data before and after the burst.
We subdivided the time profile of each GRB into a number of time slices (see Table 1)
taking into account the GRB profile (visible pulses, their rise, peak, and decay) as observed
with 1 s time resolution (in the case of BATSE the real integration time was 1.024 s) and the
count statistics (see Figure 1). We performed the spectral analysis in all of the time slices
(most of them) in which it was possible to constrain the model parameters. In the case of
GRB990123, we excluded from the analysis the time intervals from 21 to 26, given that this
part of the event was observed by WFC through the Earth’s atmosphere. The number of
time intervals in which we subdivided the time profile of each event, the number of selected
time slices in which the spectral analysis was performed, the GRB fluence, and its redshift
when known, are given in Table 1.
We used as input models bb+pl, bb+bf, and grbcomp. In all fits, a normalization
factor between BATSE and WFC data was included and left free to vary in the range 0.8–
1.2, to account for a possible intercalibration error. Actually, we found that, for all analyzed
GRB spectra, this parameter was consistent with 1 within one standard deviation, except
in two cases (one time resolved of GRB970111 and another of GRB990123), in which it is
consistent with 1 at 90% confidence level. The systematic error used by the BATSE team
to take into account the uncertainty in the background subtraction and the uncertainty in
the instrument response function (see, e.g., Kaneko et al. (2006) for details) was included in
the fit.
The fit results with the bf function alone have already been published (Frontera et al.
2012a,b). In the case of the first model, in addition to the normalization constants for bb
and pl, the other free parameters are the bb temperature kTbb (in keV) and the power–law
photon index Γ. In the case of the bb+bf, in addition to the normalization constants for bb
and bf, the other free parameters are the bb temperature kTbb (in keV), the photon indices
α and β, and the peak energy in the observer frame Ep,o. In the case of the grbmcomp
model, in addition to its normalization constant N = R29/D
2
Mpc, (where R9 is the apparent
photospheric radius Rph in units of 10
9 cm, and D2Mpc is the source distance in Mpc), the
other free parameters, in the rest frame, are the temperature of the seed photons kTs,i (in
keV), the plasma electron temperature kTe,i (in keV), the effective optical depth τeff of the
plasma outflow, the plasma outflow bulk velocity v, and the power–law photon index αboost
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of the component above the peak energy. From the model best–fit parameters, it is also
possible to derive the bulk parameter δ, which, for the case of a constant outflow velocity, is
defined as:
δ = 2β/(3τeffΘ) (1)
where β = v/c, and Θ = kTe,i/mec
2 and τeff is an effective optical depth such that τeff . τ .
The definition of an effective optical depth τeff was introduced to separate the space and
energy operators in the radiative transfer Fokker-Planck equation (see Eq. (6) in T12), which
provides a much faster way for getting numerical solutions. In grbcomp it is assumed
τeff = 0.5τ , where τ is the actual free parameter of the model. Finally, despite being in
principle a free parameter, the outflow subrelativistic velocity β is kept frozen in the fitting
procedure, to avoid parameter degeneracy or too large uncertainties. In our analysis we
assumed β = 0.2. This value is the median value of those consistent with grbcomp (see
Fig. 2).
Each model was assumed to be photoelectrically absorbed (WABS model in xspec).
Given that the absorption column density NH could not be constrained, a Galactic absorption
along the GRB direction (Kalberla et al. 2005) was assumed. While the bb+pl model was
separately fit to the BATSE spectra alone and to the joint WFC plus BATSE spectra, the
grbcomp was only fit to the joint WFC plus BATSE spectra. To deconvolve the count rate
spectra, we adopted the xspec (v. 12.5) software package (Arnaud 1996). If not explicitly
stated, the quoted uncertainties are single parameter errors at 90% confidence level.
3. Results
The fit results of the bb+pl and grbcomp models to the joint WFC+BATSE time–
resolved spectra are reported in Table 3, while the time behavior of the grbcomp parameters
and of the Null Hypothesis Probability (NHP ) for all joint fits and when the bb+pl model
is fit to the time–resolved BATSE spectra alone, are reported in the four panels of Fig. 3. In
Figure 4, the cumulative distribution of NHP displays the fraction of intervals with a good
fit for each model.
3.1. Fit with bb+pl and bf+bb
As it can be seen from Table 3 and from behavior of NHP ( see Fig. 3 and Fig. 4),
the fit with bb+pl is acceptable only when we fit this model to the time–resolved BATSE
spectra alone, as found by Ryde & Pe’er (2009). When the joint WFC+BATSE spectra are
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considered, for the majority of the time–resolved spectra this model cannot be accepted.
Examples of these fits are shown in Fig. 5. The reason for the unsuccessful fit of a BB+PL
model appears to reside in the fact that the data show a steepening at lower energies below
the bb peak. Indeed, as it can be clearly seen in Fig. 5, the residuals between the data and the
model show that below 10 keV the data are systematically under the model continuum. Thus
the slopes of the observed GRB spectra below and above the bb component are different,
and cannot be simultaneously fitted by a single power–law index. This behavior cannot be
observed with BATSE because of its low energy threshold around 20 keV. This result shows
the importance of having a spectral coverage as large as possible, especially down 1-2 keV,
for constraining the prompt emission models.
The fit with bf+bb was performed only for those GRB time–resolved spectra, for which
the fit with the bf alone provides a χ2/dof significantly higher than that expected in the
case of a good fit (see results in Frontera et al. 2012a,b). The list of these spectra and of the
results obtained by fitting them with bf+bb are reported in Table 2. For each time interval
not well fit with a Band function, mindful of the Protassov et al. (2002) warnings, we
report, in addition to the results of the ”F-test/add” for the addition of a further component
(bb) to a fitting function (bf), the results of the ”F-test/plain” for testing the discrepancy
between an assumed fit function and its parent function . This test (see Bevington 1969, p.
195) makes use of the probability distribution of the ratio F12 = χ
2
ν1
/χ2ν2 (or F21 = 1/F12)
where χ2ν1 = χ
2/ν1 is obtained from the fit of the function 1 (in our case bf) to the data,
and χ2ν2 = χ
2/ν2 is obtained from the fit of the function 2 (in our case, bf+bb). (For an
application of the latter test see Frontera et al. (2004)).
As it can be seen from Table 2, we do not find any positive result using the F-test/plain,
while, using the F-test/add, in one case (interval No. 7 of GRB970111 light curve, see Fig. 1)
we find a significant decrease of the χ2 found with bf, with a chance probability of 6.7×10−3
that the χ2 reduction is due to chance when a bb is added to bf. In the other cases, also
reported in Table 2, the chance probability obtained with the F-test/add is not less than
1%.
In the case of the interval No. 7 of GRB970111, using a bf+bb model, the best–fit
spectral parameters, in the observer frame, are the following: α = −0.43+0.19
−0.14, β = −3.7
+0.4
−0.8,
Ep,o = 99± 11 keV, and kTbb = 8.9± 2.2 keV. The bf parameter values are slightly different
from those obtained when the spectrum was fit with a bf alone: α = −0.58+0.04
−0.04, β =
−3.46+0.15
−0.21, Ep,o = 89
+4
−3 keV (Frontera et al. 2012a,b). In Fig. 6 (top panels), we show the
best–fit curve of the bf and bf+bb models to the observed spectrum, while in the bottom
panel (left side), we show the EF (E) spectrum when the fit is performed with bf+bb.
Unlike that found by, e.g., Guiriec et al. (2011), we find (see Table 2) low bb temperatures
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(∼ 9 keV for GRB970111, interval 7), except in two cases (GRB990123, intervals No. 9 and
12). Apart from these few spectra (14% of the total), no additional component to the bf is
required by the data (Frontera et al. 2012a,b).
3.2. Fit with grbcomp
The fit results of the grbcomp model to the joint WFC+BATSE time–resolved spectra
are also reported in Table 3 (in square parenthesis, those parameters kept fixed in the fits).
As it can be seen from this Table, and from the behavior of the Null Hypothesis Probability
(NHP ) reported in each of the four panels shown in Fig. 3, and from the NHP cumulative
distribution shown in Fig. 4, the grbcomp model fits well, in some cases even better than bf
(see NHP behavior in Figs. 3 and 4), almost all the available WFC+BATSE time–resolved
spectra.
The goodness of the fit of the grbcomp model to the data is exemplified in the bot-
tom right panel of Fig. 6, where we show the fit of grbcomp to the spectrum No. 7 of
GRB970111. As it can be seen, this spectrum can be equally well fit with both bf+bb and
grbcomp, with the advantage that grbcomp can describe all the broad–band time spectra
in our sample and is a physical model.
The fact that grbcomp fits so well all the spectra, stimulated us to investigate, in
addition to the time evolution of the grbcompmodel parameters, also the search for possible
correlations between grbcomp parameters and between model parameters and measured
flux (or luminosity when the GRB redshift is known).
The most relevant results of our investigation are summarized below.
3.3. Time evolution of the grbcomp parameters
The time evolution of the grbcomp best–fit parameters, shown (in red) in Fig. 3, is
very suggestive. For all GRBs in our sample, the electron temperature in the observer frame
kTe,o shows a time behavior almost similar to that of the corresponding peak energy Ep,o,
as obtained from the best–fit results (Frontera et al. 2012a,b) of the same data with bf. It
also immediately appears that kTe,o tracks the flux.
We also find that the high energy index αboost of the grbcomp model shows a time
behavior similar to that of the power–law photon index Γ of the bb + plmodel (see Table 3).
We warn, however, that this model does not fit most of the time–resolved spectra. However,
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the absolute values of Γ are much lower than αboost, rising the energetics issue for the bb+pl
model that we will discuss in Section 4.
From Fig. 3 it also appears that the intrinsic seed photon temperature kTs and the pho-
tospheric radius Rph (see Section 4 for its definition) are anticorrelated: when kTs decreases
with time, Rph increases. Instead the optical depth τeff is almost stable (990510) or slightly
decreases with time.
Given that the grbcomp model predicts the instantaneous spectral properties of the
GRB prompt emission as a function of its main ingredients (outflow properties, soft photon
temperature, etc; see Section 1), the consistency of our results with the model predictions can
be only seen by investigating the correlations between time–resolved measured parameters.
The results of this investigation are reported below.
3.4. kTe,o vs. flux and other model parameters
We find, as shown Fig. 7 and Table 4, that, for three GRBs (970111, 990123, 990510),
Ep,i and kTe,i are positively correlated with each other. For two of them (990123 and 990510)
their correlation is well described by a power–law [Ep,i = a(kTe,i)
m], with a positive power–
law index m. The values of m are consistent with a weigthed average of 1.39 ± 0.14. The
correlation is almost absent for the fourth GRB (980329).
In addition we find a positive power–law correlation between kTe,o (in the observer
frame) and the 2–2000 keV flux [kTe,o = a(flux)
m] for all GRBs, except the case of
GRB980329, for which we find an almost absent correlation or, at most, with a value of
kTe,o that very slightly increases with flux. This is shown in Fig. 8 and in Table 5. This
correlation is reminiscent of the power–law correlation between Ep,o and flux, that was al-
ready found and reported for the same events (Frontera et al. 2012a,b), with the index m of
the kTe,o–flux correlation basically lower than that of the Ep,o–flux correlation: 0.65 ± 0.09
against 0.68±0.06 for GRB970111, 0.04±0.07 against 0.16±0.04 for GRB980329, 0.37±0.04
against 0.53 ± 0.05 for GRB990123, and 0.36 ± 0.08 against 0.81 ± 0.15 for GRB990510.
If we exclude GRB980329, the power-law index m of the other three GRBs is statistically
consistent with their weighted mean value < m >= 0.41 ± 0.06. The fact that the kTe,o
dependence on flux almost disappears in the case of GRB980329 is discussed in Section 4.1.
We do not find any correlation between kTe,i and the apparent photospheric radius Rph
(970111: ρ = −0.09, NHP = 0.82; NHP = 0.54; 990123: ρ = −0.02, NHP = 0.93; 990510:
ρ = −0.12, NHP = 0.78).
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3.5. Intrinsic peak energy Ep,i and electron temperature kTe,i versus other
model parameters
In addition to the above discussed correlation between Ep,i and kTe,i, we have performed
the search for a possible correlation between Ep,i and the optical depth τeff , with negative
results for 970111 (ρ = −0.09, NHP = 0.82), 990123 (ρ = −0.33, NHP = 0.16), and
990510 (ρ = 0.57, NHP = 0.14). Instead, a possible hint of correlation (at a few percent
significance) is found in the case of 980329 (ρ = 0.82, NHP = 0.041).
We do not find any correlation between kTe,i and the seed photon temperature kTs,i for
three GRBs: 980329 (ρ = −0.20, NHP = 0.70), 990123 (ρ = 0.35, NHP = 0.20), 990510
(ρ = 0.02, NHP = 0.95), while, in the case of 970111, we find a low significance correlation
(ρ = 0.78, NHP = 0.036),
Instead, we find a strong negative correlation between peak energy Ep,i and the bulk
parameter δ, except in the case of the peculiar GRB980329, where this correlation is not
statistically significant. This result is shown in Fig. 9 and in Table 6. In the light of the
grbcomp model, it is a consequence of the correlation between Ep,i and kTe,i, given that δ is
inversely proportional to kTe,i (see eq 1). But, independently of that, a negative correlation
is also expected because a higher δ leads to softer spectra and thus to lower peak energies
Ep,i. In fact, the Comptonization spectra become softer if they take into account the bulk
outflow effect, while they are getting harder in the case of a bulk inflow (Laming & Titarchuk
2004).
3.6. Seed photon temperature kTs versus flux and photospheric radius
The behavior of the seed photon temperature kTs,o with the 2–2000 keV flux is shown
Fig. 10. As it can be seen from this figure and from the fit results reported in Table 7, kTs
increases with flux not according to a power–law, except in the case of GRB980329, in which
this law gives the best description of the data, with an index m = 0.37± 0.12.
An outstanding anti-correlation between seed photon temperature kTs and the photo-
spheric radius Rph is found (see Fig. 11), which is well described by a power–law, with best–
fit parameters reported in Table 8. By summing together the data points of GRBs with
known redshift (980329, 990123 and 990510), we find the very robust result (ρ = −0.88,
NHP = 1.7 × 10−10) also shown in Table 8 and Fig. 12, with a weighted mean power–law
index of −0.92± 0.17.
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4. Discussion
By merging together the WFC and BATSE prompt emission spectra of 20 GRBs simul-
taneously observed with both instruments, it has been possible to perform a time–resolved
analysis in the broad energy band from 2 keV to 2 MeV, still scarcely explored. For each
GRB time profile, we have obtained a number of time–resolved spectra. The highest number
of time–resolved spectra has been obtained for the brightest GRBs in our sample: 970111 (8
spectra), 980329 (6), 990123 (19), and 990510 (8), with a total number of 41 spectra.
With the brightest GRBs in our sample, we tested three physical models: the bb+pl
model proposed by Ryde & Pe’er (2009), in which bb is the blackbody radiation emitted at
the photospheric radius and pl could describe a non–thermal component (like synchrotron
or Comptonization of blackbody photons), the sum of a bb plus the bf function, and the
grbcomp model proposed by T12.
As discussed in Section 1, Ryde & Pe’er (2009) found that the bb+plmodel is consistent
with the time–resolved spectra of about 50 GRBs detected with BATSE in the energy band
from ∼25 to 1900 keV. This result was very appealing, even if the derived values of the
power–law photon index Γ, generally < 2 (see Table 3), would require an energy break
beyond 2 MeV to avoid a divergence of the total emitted power. Such breaks generally are
not observed in the GRBs detected with the Large Area Telescope (LAT) aboard the Fermi
satellite (see, e.g., Abdo et al. 2009b,c,a), but they could be present in a significant fraction
of GRBs not detected with LAT (Ackermann et al. 2012).
We find however that, when extending the energy band of the time–resolved spectra
down to 2 keV, the bb + pl model does not fit our spectra (see examples in Fig. 5), except
for a very few cases, near the GRB onset (see Table 3).
As shown in a previous paper (Frontera et al. 2012a,b), the bf function gives a good
description of most time–resolved spectra of the GRBs in our sample. In the few cases
(6 of 41 spectra) in which this is not the case, we have added to bf a bb that resulted
to describe well the prompt emission spectra of a few Fermi GRBs (Guiriec et al. 2011;
Tierney et al. 2013; Ghirlanda et al. 2013). In our case, we find that this addition gives a
significant improvement of the fit only in one case (interval No. 7 of GRB970111, see Table 2
and Fig. 6).
Instead, we find that the grbcomp model fits very well almost all the time–resolved
spectra, in some cases, even better than the empirical bf (see bottom panels of Fig. 3 and
Fig. 4). Given this result, we have further investigated this model also to understand if
the best–fit parameter values derived, their time behavior and their correlation with other
parameters of the same model or bf, are physically acceptable.
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According to grbcomp, the intrinsic peak energy of the EF (E) spectrum has a power–
law dependence on the intrinsic outflow electron temperature according to the following
equation
Ep,i = a(kTe,i)
b (2)
where the parameters a = a(t, τ) and b = b(t, τ) are both dependent on time and optical
thickness τ at which the observed spectrum is coming out. In Figure 13 we show the model
prediction and the dependence of the power–law parameters on the optical depth of the
electron cloud. The best fit to the parameters data points derived from the numerical code
is obtained by the two following empirical functions:
a(τ) = k0 − k1 k2 log
{
exp
[(
1−
( τ
k3
)k4)
/k2
]
+ 1
}
. (3)
where k0 = 4.15±0.05, k1 = 1 (frozen), k2 = 6.39±0.23, k3 = 2.26±0.25 and k4 = 1.65±0.10,
and
b(τ) = k5 − k6 k7 log
{
exp
[(
1−
1
(k8 τ)k9
)
/k7
]
+ 1
}
(4)
where k5 = 10 (frozen), k6 = 1 (frozen), k7 = 12.289 ± 0.003, k8 = 0.266 ± 0.003, and
k9 = 2.00± 0.05.
It is worth noting the asymptotic forms of these two functions for τ >> 1, namely a ∼ 4
and b ∼ 1, which lead to the well known relation, in EF (E) units, Ep ∼ 4kTe, typical of
fully saturated Comptonization.
We find, as shown in Fig. 7 and in Table 4, that Ep,i and kTe,i are indeed positively
correlated with each other according to a power–law for three of the 4 GRBs (970111,
990123, and 990510), while this correlation is absent for GRB980329. This seemingly strange
behavior of 980329 is discussed below (see Section 4.1). The measured power-law index m
(≡ b) for 970111, 990123, 990510 (weighted mean value < m >= 1.39 ± 0.14) is greater
than 1, and, from the best–fit values found for τeff (see Table 3), it is consistent, within its
statistical uncertainties, with that expected.
In agreement with the grbcomp model expectations, we find that the electron temper-
ature kTe,i of the outflowing plasma is positively correlated with flux, except in the case of
the peculiar event 980329. In this case, we find an almost flat dependence of kTe,o on flux,
likely as a consequence of the behavior of Ep,i versus kTe,i for this event (see Section 4.1).
Consistently with the grbcomp model predictions, we also find that the electron tem-
perature of the outflowing plasma is not correlated with the seed temperature of the bb
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photon bath.
It is noteworthy that the grbcomp model gives a physical interpretation of the low-
energy power–law photon index with its sign αbf of bf (Band et al. 1993). According to
grbcomp, the corresponding energy index −αbf − 1 is related to the index (slope) of the
Comptonization Green function and thus to the bulk parameter δ (see T12):
− αbf − 1 ≈ −
3− δ
2
+
[(
δ + 3
2
)2
+ γ
]1/2
(5)
where γ depends on the Comptonization level. In the case of saturated Comptonization,
γ ≪ 1, and −αbf −1 ≈ δ . Thus an almost linear correlation between αbf and δ is predicted.
Our results confirm the model prediction for GRBs 970111, 980329, and 990123, while for
GRB990510 the correlation is not significant (see Table 9 and Fig. 14).
In agreement with the model expectations, we find a positive correlation between radia-
tion flux and intrinsic seed photon temperature Ts (see Fig. 10). This correlation is not well
described by a power–law, except one case (980329) in which a power–law (kTs = a(flux)
m)
gives a good fit, with an index m consistent with 0.25. This index is expected when all the
parameters which determine the GRB luminosity [see eq. (6)], but the BB temperature Ts,
are fixed during the event (see Sect. 4.1). In general, the luminosity and thus the flux, for a
given β (see Fig. 2), depend on Ts, on the BB emitting surface As and on the Comptonization
enhancement factor ηComp, which is proportional to the electron plasma temperature (T12).
Indeed, for 3 of the 4 events in our sample, assuming a power–law (but the fit is not good),
the index m is found to be consistent with 0.5.
Another important result of our test is shown in Fig. 11: the seed photon temperature
kTs anticorrelates, following a power–law, with the photospheric radius Rph (kTs ∝ (Rph)
−n),
with an average value of the power–law index < n >= 0.92± 0.17 for the three GRBs with
known redshift (see Table 8). In the scenario of the grbcomp model, this negative correla-
tion, found to occur during the entire GRB prompt phase, is a consequence of the dependence
of the BB luminosity Ls on Ts and on the BB emitting area As, which is proportional to
R2ph. Thus, if Ls would be constant, then kTs ∝ R
−0.5
ph . But, this a special case. The fact
that average power–law index is about 0.9 is a strong hint that Ls is not constant during
the prompt emission. In any case, what is important is the fact that, when As increases, the
seed photon temperature drops. The photospheric radius is found to increase from 1013 to
1015 cm for all GRBs of our sample, but GRB980329 (see Sect. 4.1). This range of values is
consistent with other model predictions (e.g., Zhang & Pe’er 2009).
The seed photon temperature we found could appear not consistent with an origin from
the star photosphere, dominated by optical-UV photons. In fact, when the star explodes,
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its parts next to the outflow should be hotter than the effective temperature of the star
atmosphere because the subrelativistic outflow heats them. More precisely, as the outflow
passes throughout the star atmosphere while moving outwards, together with kinetic energy
dragging, the development of turbulent mixing dictated by Kelvin-Helmholtz instabilities is
expected. Consequently, the outer parts of the hot outflow, while interacting with the much
cooler star photosphere, unavoidably are expected to cool down, leading to the formation of
a seed photon population with characteristic energy in the range between that of the optical-
UV star photons and of the outflow electrons at hundreds keV. This photon field presumably
illuminates the outflow either from backward or, at most, at right angles (depending on the
distance from the star where spectral formation mostly occurs) and is different from the
isotropic optical-UV photon field assumed by Lazzati et al. (2000) to be present since before
the GRB event.
4.1. GRB980329: does this event confirm the grbcomp predictions?
As discussed above, GRB980329 show peculiar properties, seemingly in contrast with
the grbcomp predictions. Unlike the other three events in our sample, its intrinsic peak
energy Ep,i is almost independent on kTe,i (see Fig. 7); in addition it does show an almost
insignificant anticorrelation between Ep,i and the bulk parameter δ (see Fig. 9), and between
the seed photon temperature Ts and the photosperic radius Rph. Other peculiarities, that
we have already discussed, concern an almost absent dependence of kTe,o on flux, and a
dependence of kTs,o on flux according to a power–law with an index of 0.25.
All these peculiarities are found to be related to the fact that kTe,i is constant during
the event (see Fig. 3) and that also the bb emission region has to be almost constant. These
features are a matter of fact, are not required by the model and may depend on the properties
of the electron plasma and phenomenon evolution.
In the context of the grbcompmodel, the consequences of a constant electron-temperature
behaviour as a function of time unavoidably are expected to impact, in a well-predictable
way, on the other parameters. We have established these consequences and found that all
of them are satisfied by the data. If kTe,i is almost constant, we do not expect a correlation
between Ep,i and kTe,i, and this result is found (see Fig. 7). In addition, we expect a weak or
no dependence of the measured 2–2000 keV flux on kTe, which is also found (see Fig. 8). We
expect a weakening of the correlation between Ep,i and δ (see eq. (1)), given that only the
electron cloud optical thickness τ variations influence δ, which is also observed (see Fig. 9).
Thus we expect a dependence of Ep,i on τ , which is found in the data, as it can be seen in
Fig. 15.
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The constancy of the bb emission region during the prompt emission, derives from
(and tests) the main assumption of the grbcomp model, i.e., that the GRB luminosity
(see eq. (6)), as discussed above, depends, in addition to the Comptonization enhancement
factor, on the seed photon luminosity Ls assumed to be a blackbody emission (Ls ∝ T
4
sAs).
In the case of GRB980329, given that the electron temperature does not significantly change
with time, the received flux should depend on the BB temperature Ts and on the blackbody
emission region size As (∝ R
2
ph). If also this surface does not change during the prompt
emission, we expect no correlation between flux and Rph, no correlation between kTs and
Rph, and a power–law dependence of kTs,i on flux with an index of 0.25. All these conditions
are satisfied in the case of GRB980329: Rph almost independent of flux (see Fig. 16), no
correlation between kTs and Rph (see Table 8 and Fig. 11) and a power–law dependence of
kTs on flux with an index m = 0.37± 0.12, which is consistent, within 1σ with the expected
value of 0.25.
A legitimate question is what observationally distinguishes GRB980329 from the other
GRBs in our sample. Our answer is that, unlike other events, 980329 shows a fast rise and
exponential decay (FRED) light curve. It would be very interesting to test whether this
feature is the observational signature of the behaviour we have observed in the correlations
between grbcomp parameters or between these parameters and measured quantities (e.g.,
flux). Unfortunately, broad band observations extending down to 2 keV are not available in
the current data sets. Future GRB missions with a detection threshold of 2 keV or less are
desirable (see, e.g., Amati et al. 2013).
4.2. Interpretation of the Ep,i–Liso relation
The grbcomp model gives a physical interpretation of the Ep,i–Eiso relation (T12).
The model interprets the peak energy Ep,i of the EF (E) spectrum in terms of the temper-
ature kTe,i of the electron plasma modified by the plasma outflow bulk velocity and other
properties, all expressed through the bulk motion Comptonization parameter δ. In this view,
the Ep,i–Eiso relation is interpreted as a result of the Stephan–Boltzmann law modified by
the Comptonization enhancement factor ηcomp = Lgrb/Ls, which, as discussed by T12, in
the case of saturated Comptonization, is proportional to kTe. The final result is that, on
average, Lgrb ∝ kT
2
e,i, or that kTe,i ∝ L
1/2
grb and thus kTe,i ∝ E
1/2
grb .
This interpretation can be extended to the time–resolved Ep,i–Liso relation found within
each GRB by us (Frontera et al. 2012a,b) and other authors (Ghirlanda et al. 2010; Lu et al.
2012). Indeed, according to grbcomp, the GRB luminosity at a given time t can be written
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as
L(t) = As(t) (kTs)
4(t) ηcomp(t, τ) (6)
where As(t) is the emitting area, and the other (intrinsic) quantities have already been
defined above. However we have seen that Ep,i is related to the outflow temperature kTe,i
through eq. (2), with the parameters a(t, τ) and b(t, τ) that may depend on time, because
they are functions of τ which in general is not constant through the prompt emission phase.
For a given observing time interval (t1, t2), which is short enough that all intrinsic (we
omit the index i) quantities can be considered almost constant, the average luminosity and
intrinsic peak energy are given by
< L >= (kT )4s ηcomp(kTe, τ)
∫ t2
t1
As(t)dt
t2 − t1
(7)
< Ep >= a(τ) kT
b(τ)
e (8)
If now the emission area follows the law A(t) ∝ kTe t
2 (see equation [24] of T12),
equation (7) becomes
< L >∝ (kT )4s η(kTe, τ) kTe f(t) (9)
where f(t) is the factor obtained by simply integrating the function t2 over the interval (t1,
t2).
The Compton amplification factor (CAF) has a general dependence on the electron
temperature and the optical depth, which can be approximated, as shown in Fig. 17 obtained
with a numerical code, by a power–law:
ηcomp(kTe, τ) = p(τ) kT
q(τ)
e . (10)
where the dependence on τ of the parameters p(τ) and q(τ) can be best fit by two following
empirical functions, similar to those describing a(τ) and b(τ) (see eqs. 3 and 4):
p(τ) = k0 + k1 k2 log
{
exp
[(
1−
( τ
k3
)k4)
/k2
]
+ 1
}
(11)
where k0 = (3.2 ± 1.43) × 10
−5, k1 = 1.060 ± 0.035, k2 = 0.14 ± 0.01, k3 = 0.076 ± 0.002,
k4 = 0.59± 0.03,
and
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q(τ) = k5 − k6 k7 log
{
exp
[(
1−
( 1
k8 τ
)k9)
/k7
]
+ 1
}
(12)
where k5 = 2.334 + /− 0.004, k6 = 1.444± 0.006, k7 = 0.152± 0.004, k8 = 0.230± 0.001.
Substituting eq. (10) into eq. (9) we obtain
< L >∝ (kT )4s kT
q(τ)+1
e f(t), (13)
which can be reverted to
kTe ∝< L >
1
1+q(τ) (kTs)
−
4
1+q(τ) f(t)
1
1+q(τ) (14)
However, combining eq. (8) and eq. (14) we finally obtain
Ep ∝< L >
b(τ)
1+q(τ) (kT )
−
4b(τ)
1+q(τ)
s f(t)
−
b(τ)
1+q(τ) (15)
The intriguing implication of the last result is that the behavior of the parameters b(τ)
and q(τ), shown in Figs. 13 and 17, is such that the exponent of the < L > term is always
∼ 0.5 for any value of the optical depth τ , and not only in the asymptotic limit τ ≫ 1 where
b(τ)→ 1 and q(τ)→ 1.
However, from eq. (14), only in the asymptotic case of very large optical depth when
q(τ)→ 1, we get
kTe ∝< L >
1
2 (kTs)
−2 f(t)
1
2 . (16)
We actually find that, within each GRB, the measured flux is correlated with the electron
temperature, while a correlation between flux and peak energy Ep,o within each GRB is well
established (see, e.g., Frontera et al. 2012a,b). As also expected, the correlation between
flux and kTe,o is almost absent when the electron temperature is almost constant during the
event, as found for GRB980329.
Similarly, for GRBs with time variable kTe,i and known redshift (990123 and 990510),
the intrinsic temperature kTe,i of each GRB is correlated with the corresponding isotropic
luminosity Liso (see top panels of Fig. 18 and Table 10) according to a power–law (kTe,i ∝
(Liso)
m). When we merge these data (see bottom panel of Fig. 18 and Table 10), the power–
law dependence of kTe,i on Liso, becomes more robust (see Table 10) with an average index
m = 0.31 ± 0.02, as expected in the scenario underlying the grbcomp model in the case
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the optical depth is not so large. Indeed, looking at the theoretical behaviour of q(τ) (see
Fig. 17) and at the best fit values of τ for 980329, 990123 and 990510 (Table 3), it becomes
evident from eq. (14) that the relation kTe,i ∝ (Liso)
m should have m < 1/2, which is in full
agreement with what we found.
Given the importance of the kTe,i time behavior during the prompt emission and the
change of kTs from one GRB to other, the dispersion of these two parameters, in addition to
τ , could be at the origin of the dispersion of the average kTe,i–Liso relation and eventually
of the Ep,i–Liso relation.
5. Conclusions
With a sample of 4 strong GRBs (970111, 980329, 990123, and 990510) simultaneously
detected with both BeppoSAX WFCs and BATSE we have performed a time–resolved spec-
tral analysis in the energy band from 2 keV to 2000 keV. In total we derived 41 spectra,
all used to test three different models: bb+pl, bf+bb, and the recently proposed model
grbcomp.
We do not expect significant systematic errors from this joint analysis. The response
functions of both instruments are well known. Indeed, in the fits the cross-calibration factor
was found to be consistent with 1, in spite of being left free to vary between 0.8 and 1.2
(see Section 2). This is not the first time that a joint WFC/BATSE spectral analysis has
been performed. Results of similar analyses have been reported in the past by the BATSE
team (Briggs et al. 2000; Kippen et al. 2003, 2004). In addition, the BATSE–deconvolved
spectra of bright GRBs were cross-checked with those obtained with BeppoSAX GRBM
(Frontera et al. 2009); these in turn were cross-calibrated with WFC, with many published
results (e.g. Frontera et al. 1998, 2000).
The result is that the bf function fits almost all spectra (Frontera et al. 2012a,b). In the
few cases (14%) in which this function does not work, following other authors (Guiriec et al.
2011; Axelsson et al. 2012), we have added a bb. In one case we obtained a significantly
better fit.
The fit of the time–resolved spectra with the bb+plmodel has provided negative results.
Only in few cases this model is suitable to describe the time–resolved 2–2000 keV spectra,
thus this model does not appears to interpret the 2–2000 keV GRB prompt emission spectra.
Instead, we find that the grbcomp model, even better than bf, describes almost all
the 41 time–resolved spectra we have analyzed. Most of the predictions of this model have
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been confirmed by the discussed correlation results. Very constraining expectations of the
grbcomp model have been tested and verified. Even the behavior of one of the four GRBs
in our sample (980329), which is different from that of the other three, fits very well the
expectations of the model. Moreover, this GRB gives the best opportunity to verify the
validity of the model. In addition, the physical interpretation of the time–resolved Ep,i–Liso
relation given by grbcomp is confirmed by our results.
The very good description of our time–resolved spectra with grbcomp model strength-
ens the physical scenario assumed by the model: an early subrelativistic expanding outflow
that interacts with a bath of black–body seed photons whose temperature is a free parame-
ter. This scenario is fully compatible with a supernova explosion. From the fit of the model
to our data, we find that this temperature is in the keV range, which is not usual in a
common supernova explosion (see, e.g., Lazzati et al. 2000). A likely interpretation is that
the seed photons are energized by the jet. The best fit of our spectra with the grbcomp
model is also in favor of an early non–relativistic phase of the outflow velocity. This is not
the standard assumption in the collapsar model. However, as discussed by T12, whether
the early expansion phase is soon relativistic may depend on several parameters, such as the
initial jet energy, the chemical composition of the star envelope (in particular the presence
or not of a H-envelope), the core angular momentum, and the influence of magnetic torques
(Gehrels et al. 2009; Woosley 2011). Independently of all that, the important result of our
test is that a Comptonization process of an initially non–relativistic expanding outflow with
seed photons in a region close to the photospheric radius well describes the low energy part
(< Ep,i) of more than 40 time–resolved spectra. A further convolution of the Comptonized
part of the seed spectrum with a Green function, physically representing a relativistic Inverse
Compton (T12), well describes the high–energy part of our time–resolved spectra. T12 do
not analyze in detail the possible mechanisms to get in the late phase a relativistic outflow.
However the peak energy of the EF (E) spectra is mainly determined by the temperature kTe
of the electron plasma non–relativistically outflowing. Possible scenarios for the formation
of a relativistic phase are discussed in Section 1. The positive results obtained from the test
of this model motivate us to study more in detail the formation of the relativistic stage of
the model.
Unfortunately, our data are inadequate to perform an extended test of the grbcomp
model. This test should be done with a large sample of GRBs observed in a very broad–
energy band extending down to 2 keV like the time–resolved spectra obtained for the GRBs
in our sample, in order to discriminate between the grbcomp and other models. Indeed, an
important feature of the predicted grbcomp spectra is their break at low energies (see Fig.
7 of T12), where the blackbody spectrum of the seed photons takes over. Even the GBM
experiment aboard Fermi is not fully adequate to test this model, having a passband with
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a lower threshold at about 10 keV. New satellite missions devoted to GRBs should include
detectors with a broad passband extending down to at least 1 keV or even better below.
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Table 1. GRB Sample Chosen for the Time–Resolved Spectral Analysis.
GRB Redshift Fluence No. of Intervals No. of Useful Intervals
(×10−6 cgs)
970111 – 39.18±0.08 10 8
980329 3.5a 37.53 ± 0.07 8 6
990123 1.60 205.12 ± 0.03 26 19
990510 1.619 15.80 ± 0.07 15 8
aphotometric redshift of its host galaxy (Jaunsen et al. 2003).
Note. — For each GRB we report the redshift, the fluence in the 2-2000 keV
energy band, the number of time intervals in which we subdivided the time profile
and those used in the time-resolved spectral analysis. The uncertainty in the
fluence is only statistical.
Table 2. GRB light curve intervals in which the bf+bb was tested.
GRB Interval No. χ2/dof χ2/dof F–test F–test/add kTbb
bf bf+bb NHP NHP (keV)
970111 7 29.3/13 11.8/11 0.11 0.0067 8.9± 1.4
970111 8 32.9/13 19.9/11 0.30 0.07 9.4± 1.1
980329 6 97.7/77 90.0/75 0.40 0.046 11± 2
990123 9 192/166 187/164 0.46 0.11 57± 14
990123 12 136.5/118 128/116 0.40 0.024 68± 12
990510 1 74/48 60.7/46 0.30 0.01 6.0± 2.0
.
Note. — For each time interval of the GRB light curve, in which the bf does
not provide a good fit of the corresponding spectrum, we report, in addition to the
χ2/dof by using bf alone and bf+bb, the fit improvement level (χ2/dof) by using
bf+bb.
Table 3. Best–fit parameters of the grbcomp and bb+pl models in the time intervals in which each GRB light curve was subdivided.
BB + PL model GRBCOMP model
GRB Interval Start (∆t) kTbb Nbb Γ Npl χ
2/dof kTs,i kTe,i τ δ αb N χ
2/dof
(keV) (keV) (keV) (×10−3)
970111 3 35045.0 (3) 47.1+0.6
−0.3 15.6
+0.80
−0.12 1.32
+0.03
−0.04 1.12
+0.18
−0.32 219.8/97 [3] 77.3
+1.4
−2.8 22.1
+2.3
−2.3 0.079
+0.008
−0.009 3.94
+0.22
−0.16 5.80
+0.25
−0.05 126.5/97
4 35048.0 (6) 36.3+0.3
−0.1 12.5
+0.47
−0.07 1.42
+0.02
−0.04 4.13
+0.02
−0.33 653.4/75 13.7
+1.7
−1.8 86.4
+3.7
−3.6 7.9
+0.3
−0.4 0.19
+0.01
−0.01 4.7
+0.4
−0.2 0.39
+0.30
−0.10 79.8/74
5 35054.0 (3) 35.0+0.2
−0.3 17.5
+0.20
−0.25 1.50
+0.07
−0.06 6.82
+0.17
−0.03 677.6/73 11.7
+2.2
−1.5 85
+5
−5 7.3
+0.6
−0.4 0.22
+0.02
−0.02 4.7
+0.5
−0.4 1.0
+0.7
−0.3 77.6/72
6 35057.0 (5) 32.7+0.2
−0.2 16.4
+0.2
−0.1 1.59
+0.01
−0.01 13.30
+0.01
−0.51 1030.7/73 9.6
+0.6
−1.1 88
+4
−4 6.5
+0.4
−0.3 0.23
+0.02
−0.01 5.5
+0.7
−0.6 2.2
+1.0
−0.4 75.7/72
7 35062.0 (3) 20.6+0.24
−0.22 6.22
+0.10
−0.10 1.64
+0.02
−0.02 11.2
+1.1
−1.0 374.8/13 10.8
+1.8
−3.4 57
+5
−6 6.7
+0.5
−0.4 0.27
+0.03
−0.03 4.4
+0.7
−0.4 1.1
+2.1
−0.3 18.6/12
8 35065.0 (4) 16.2+0.5
−0.1 4.16
+0.72
−0.12 1.70
+0.02
−0.02 7.31
+0.71
−0.04 163.0/13 8.5
+1.7
−2.0 37
+9
−6 8.3
+2.9
−1.4 0.42
+0.18
−0.09 4.3
+1.5
−0.4 2.1
+2.3
−1.0 16.7/12
9 35069.0 (4) 14.8+0.2
−0.2 3.00
+0.14
−0.14 1.77
+0.03
−0.02 11.0
+1.5
−1.0 129.3/12 3.2
+0.9
−0.9 22
+3
−4 14.2
+6.2
−2.9 0.42
+0.19
−0.11 3.3
+0.2
−0.1 34
+62
−17 12.7/11
10 35073.0 (13) 15.0+0.5
−0.3 1.34
+0.29
−0.02 1.81
+0.02
−0.08 9.2
+0.2
−1.2 163.8/13 3.1
+1.1
−1.0 21
+13
−4 14.3
+5.3
−6.3 0.44
+0.32
−0.21 2.9
+0.3
−0.1 27
+73
−18 18.3/12
980329 2 13477.0 (4) 42.7+1.2
−1.4 3.92
+0.21
−0.23 1.48
+0.02
−0.02 7.9
+0.8
−0.8 161.1/83 6.3
+3.5
−2.5 183
+21
−18 5.2
+0.6
−0.4 0.14
+0.02
−0.02 2.23
+0.07
−0.1 7.2
+8.6
−5.3 105.5/82
3 13481.0 (2) 42.5+0.7
−0.5 12.61
+0.33
−0.32 1.51
+0.01
−0.01 20.4
+1.5
−1.3 403.3/90 12.0
+4.9
−2.3 190
+11
−5 5.1
+0.3
−0.3 0.140
+0.011
−0.009 2.50
+0.09
−0.07 2.2
+2.6
−1.8 102.5/89
4 13483.0 (3) 42.0+0.5
−0.4 20.3
+0.4
−0.4 1.52
+0.02
−0.03 30.31
+0.00
−0.11 584.5/97 11.1
+2.3
−1.5 201
+11
−10 4.5
+0.2
−0.3 0.15
+0.01
−0.01 2.57
+0.08
−0.07 4.9
+3.0
−2.2 105.0/96
5 13486.0 (4) 40.5+0.5
−0.3 14.3
+0.2
−0.4 1.510
+0.004
−0.007 32.6
+0.7
−1.5 977.3/105 11.9
+2.4
−1.1 202
+9
−9 4.17
+0.17
−0.15 0.161
+0.010
−0.009 2.31
+0.04
−0.04 3.6
+1.5
−1.5 130.3/104
6 13490.0 (4) 26.6+1.2
−0.6 1.81
+0.14
−0.10 1.65
+0.02
−0.01 17.7
+1.9
−1.5 213.4/77 6.4
+3.6
−1.0 196
+46
−41 3.2
+0.5
−0.4 0.22
+0.06
−0.05 2.34
+0.17
−0.12 11.0
+14.0
−5.4 91/76
7 13494.0 (19) 19+3
−3 0.21
+0.04
−0.04 1.75
+0.03
−0.03 5.05
+0.79
−0.71 73.8/47 4.4
+2.1
−2.3 242
+87
−83 2.55
+0.47
−0.46 0.22
+0.09
−0.08 2.8
+1.0
−0.5 10
+112
−7 53.8/46
990123 2 35221.9 (6) 27.2+3.4
−2.9 1.7
+0.2
−0.7 1.34
+0.14
−0.09 0.38
+0.17
−0.12 50.5/35 [3] 43
+13
−13 22
+16
−5 0.141
+0.110
−0.053 2.5
+0.7
−0.3 6.9
+2.2
−0.8 41.5/35
3 35227.9 (6) 34.0+3.8
−3.3 2.7
+0.3
−1.1 1.22
+0.11
−0.06 0.37
+0.12
−0.09 44.2/44 [3] 49
+14
−8 28
+12
−11 0.099
+0.052
−0.043 2.2
+0.3
−0.2 12
+1
−3 29.2/44
4 35233.9 (2) 55+8
−9 5.7
+1.5
−1.1 1.25
+0.05
−0.06 1.25
+0.22
−0.26 75.8/57 [3] 63
+39
−11 23.5
+7.1
−11.2 0.090
+0.062
−0.046 1.9
+0.3
−0.1 905
+32
−242 61.5/57
5 35235.9 (2) 71+5
−5 12.1
+1.4
−1.3 1.16
+0.02
−0.03 1.90
+0.22
−0.27 119.6/105 1.7
+2.1
−1.3 148
+20
−25 9.9
+2.6
−0.9 0.092
+0.027
−0.018 2.0
+0.2
−0.2 228
+831
−196 105/104
6 35237.9 (2) 77+5
−4 23.1
+2.2
−2.0 1.05
+0.02
−0.02 2.51
+0.27
−0.21 181.5/151 4.5
+2.1
−1.7 173
+29
−25 8.3
+1.5
−1.2 0.094
+0.023
−0.019 1.7
+0.1
−0.1 31
+77
−20 153.4/150
7 35239.9 (2) 96+5
−3 48.5
+3.6
−2.3 1.09
+0.01
−0.01 4.06
+0.32
−0.27 275.6/182 5.2
+1.8
−1.4 207
+23
−20 7.8
+0.9
−0.8 0.083
+0.013
−0.012 1.78
+0.08
−0.07 31
+43
−15 189.0/181
8 35241.9 (2) 100+4
−5 52.4
+2.4
−2.3 1.07
+0.09
−0.10 3.7
+0.1
−0.1 294/183 6.2
+1.6
−1.8 214
+30
−16 7.8
+0.6
−1.0 0.081
+0.013
−0.012 1.74
+0.09
−0.06 21
+33
−8 177.7/182
9 35243.9 (2) 76+3
−3 28.2
+1.7
−1.8 1.15
+0.01
−0.02 3.6
+0.3
−0.3 236.4/166 1.8
+1.3
−0.9 134
+16
−14 11.6
+1.8
−1.5 0.087
+0.017
−0.015 1.81
+0.08
−0.07 450
+4152
−450 195.6/165
10 35245.9 (2 69+2
−3 21.2
+1.0
−1.3 1.33
+0.02
−0.03 4.8
+0.3
−0.5 196.0/140 1.5
+1.0
−1.0 154
+14
−13 8.9
+0.9
−0.8 0.098
+0.013
−0.012 2.6
+0.2
−0.2 505
+6920
−394 145.8/139
11 35247.9 (2) 40+3
−3 9.7
+1.3
−3.2 1.34
+0.08
−0.04 3.9
+0.7
−0.5 124.5/104 2.7
+1.2
−1.1 89
+16
−11 11.3
+2.0
−1.8 0.134
+0.034
−0.028 2.5
+0.3
−0.2 72
+285
−49 95.9/103
12 35249.9 (2) 67+3
−3 18.6
+1.9
−1.3 1.35
+0.03
−0.04 3.71
+0.45
−0.42 147.8/118 [3] 145
+17
−21 10.0
+2.8
−0.7 0.093
+0.028
−0.015 2.8
+0.4
−0.3 469
+5100
−361 126.6/118
13 35251.9 (2) 78+2
−3 36.1
+1.7
−2.0 1.18
+0.01
−0.02 3.9
+0.2
−0.4 273.0/188 1.8
+1.7
−1.3 136
+12
−11 12.9
+1.9
−1.4 0.077
+0.013
−0.010 1.95
+0.08
−0.07 459
+1517
−459 209.8/187
14 35253.9 (2) 87+3
−4 36.5
+2.2
−2.6 1.19
+0.01
−0.02 5.0
+0.4
−0.4 238.3/180 1.6
+1.1
−0.8 176
+14
−18 8.8
+1.1
−0.5 0.087
+0.013
−0.010 2.0
+0.1
−0.1 756
+472
−594 201.4/179
15 35255.9 (2) 74+3
−3 26.2
+1.5
−1.4 1.23
+0.01
−0.02 5.0
+0.4
−0.4 239.6/182 3.3
+1.0
−0.9 148
+15
−13 9.3
+0.5
−0.9 0.098
+0.011
−0.013 2.03
+0.10
−0.08 83
+127
−44 170.1/181
Table 3—Continued
BB + PL model GRBCOMP model
GRB Interval Start (∆t) kTbb Nbb Γ Npl χ
2/dof kTs,i kTe,i τ δ αb N χ
2/dof
(keV) (keV) (keV) (×10−3)
16 35257.9 (2) 62+4
−4 16.5
+1.7
−1.5 1.32
+0.02
−0.02 6.0
+0.6
−0.5 188.3/125 2.6
+1.1
−1.1 120
+27
−12 9.7
+1.0
−1.8 0.117
+0.029
−0.025 2.1
+0.2
−0.1 151
+593
−65 147.0/124
17 35259.9 (5) 49+2
−3 7.5
+0.5
−0.6 1.43
+0.01
−0.02 8.64
+0.36
−0.54 272.7/170 1.8
+0.5
−0.4 118
+19
−15 7.4
+1.0
−0.9 0.155
+0.032
−0.027 2.2
+0.2
−0.1 346
+405
−188 171.6/169
18 35264.9 (5) 29+2
−2 5.2
+0.4
−0.8 1.38
+0.03
−0.01 8.8
+0.5
−0.4 220.0/147 1.6
+0.5
−0.4 74
+17
−13 8.5
+1.3
−1.3 0.215
+0.059
−0.050 1.96
+0.12
−0.09 641
+1247
−374 163.9/146
19 35269.9 (5) 41+2
−1 3.0
+0.2
−0.2 1.46
+0.01
−0.01 9.6
+0.3
−0.2 185.9/147 2.2
+0.4
−0.5 146
+31
−29 5.3
+0.9
−0.6 0.174
+0.047
−0.041 2.5
+0.5
−0.3 211
+263
−97 135.8/146
20 35274.9 (5) 44+6
−5 3.5
+0.7
−0.7 1.49
+0.04
−0.03 9.97
+0.75
−0.63 157.0/134 1.39
+0.50
−0.43 134
+26
−22 5.85
+0.75
−0.65 0.172
+0.040
−0.034 2.41
+0.38
−0.24 0.84
+1.90
−0.48 111.9/133
990510 1 31745.9 (5) 19.6+0.7
−0.4 1.95
+0.16
−0.06 1.60
+0.05
−0.02 3.9
+1.0
−0.5 151.4/48 9.2
+1.4
−1.7 83
+20
−21 4.7
+1.4
−0.3 0.343
+0.132
−0.092 3.9
+0.9
−0.6 1.0
+1.2
−0.4 61.0/47
2 31750.9 (5) 20.5+0.4
−0.4 2.04
+0.08
−0.06 1.75
+0.02
−0.02 9.7
+1.0
−1.0 179.6/53 5.7
+1.4
−1.0 79
+13
−13 5.3
+0.9
−0.6 0.320
+0.078
−0.064 4.2
+0.6
−0.6 6.3
+5.1
−2.8 46.6/52
7 31785.9 (5) 37.6+1.0
−0.5 3.2
+0.1
−0.1 1.53
+0.01
−0.01 9.7
+0.7
−0.7 267.4/81 5.5
+0.6
−0.5 123
+14
−13 5.5
+0.6
−0.5 0.201
+0.031
−0.027 2.5
+0.2
−0.1 12
+29
−8 93.0/80
8 31790.9 (3) 32.6+0.6
−0.4 5.8
+0.2
−0.2 1.55
+0.01
−0.01 14.4
+0.5
−1.2 313.6/80 5.2
+1.2
−1.2 102
+9
−9 6.1
+0.5
−0.4 0.220
+0.027
−0.025 2.8
+0.2
−0.1 15
+15
−7 91.1/79
9 31793.9 (4) 27.1+0.8
−0.8 1.85
+0.10
−0.10 1.69
+0.02
−0.02 12.0
+1.3
−1.1 165.6/62 3.3
+0.9
−0.9 105
+19
−15 5.1
+0.4
−0.6 0.253
+0.047
−0.048 3.3
+0.3
−0.3 36
+61
−20 72.5/61
11 31802.9 (4) 16.6+0.5
−0.4 1.03
+0.05
−0.05 1.93
+0.02
−0.03 19.2
+2.7
−1.4 105.1/16 3.5
+0.9
−0.8 50
+14
−6 6.6
+0.7
−1.3 0.407
+0.121
−0.091 3.0
+0.3
−0.1 37
+44
−14 15.2/15
12 31806.9 (10) 19+2
−2 0.20
+0.06
−0.04 2.07
+0.06
−0.06 10.2
+1.5
−1.3 48.8/34 [1] 71
+14
−10 5.0
+0.6
−0.6 0.349
+0.077
−0.064 [3.4] 973
+93
−92 40.8/36
13 31816.9 (5) 12.7+2.4
−2.6 0.11
+0.03
−0.05 2.23
+0.24
−0.13 5.3
+1.6
−1.2 30.2/14 2.1
+0.8
−0.9 23
+4
−8 [9.3] 0.65
+0.12
−0.24 2.20
+0.09
−0.09 109
+603
−83 12.7/13
Note. — The grbcomp parameters are given in the rest frame. In the case of GRB970111, a redshift z equal to 1 was assumed. In the case of δ, it was estimated from its
dependence on kTe,i and τ (see text). Uncertainties are 1σ errors. In square parenthesis, parameters frozen in the fits.
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Table 4. Correlation analysis results between Ep,i and kTe,i.
GRB ρ NHP K (keV) m kT 0e,i (keV) χ
2
r (dof)
970111 0.76 0.028 99.7± 17.5 1.72± 0.28 39.9 10.8 (6)
980329 −0.60 0.21 612± 314 −4.1± 9.7 225.7 0.33 (4)
990123 0.88 4.66× 10−7 673.6± 65.9 1.44± 0.18 85.6 0.72 (17)
990510 0.93 8.6× 10−4 98.7± 21.4 1.89± 0.34 44.2 0.91 (6)
Note. — A power–law relation between the two parameters is assumed: Ep,i =
K(
kTe,i
kT 0e,i
)m. In addition to the best–fit parameters K, m, and the median value kT 0e,i,
the correlation coefficient ρ, NHP , and the best–fit reduced χ2 with dof are reported.
Table 5. Correlation analysis results between kTe,o and 2–2000 keV flux.
GRB ρ NHP K (keV) m flux0 (cgs) χ
2
r (dof)
970111 0.95 2.6× 10−4 24.0 ± 1.8 0.65 ± 0.09 8.6× 10−7 2.5 (6)
980329 −0.085 0.87 39.7 ± 3.3 0.06 ± 0.07 8.03 × 10−7 0.49 (4)
990123 0.82 1.89 × 10−5 31.2 ± 2.2 0.37 ± 0.04 1.25 × 10−6 1.3 (17)
990510 0.76 2.8× 10−2 20.1 ± 2.3 0.36 ± 0.08 1.7× 10−7 2.8 (6)
Note. — A power–law relation between the two parameters is assumed: kTe,o =
K( fluxflux0 )
m. In addition to the best–fit parameters k, m and the median value flux0,
the correlation coefficient ρ, NHP and the best–fit reduced χ2 with dof are reported.
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Table 6. Correlation analysis results between Ep,i and δ.
GRB ρ NHP K (keV) m δ0 χ
2
r (dof)
970111 −0.93 8.6× 10−4 263± 12 −0.95± 0.13 0.233 7.6 (6)
980329 −0.71 0.11 803± 204 −1.07± 0.75 0.197 0.44 (4)
990123 −0.73 4.1× 10−4 1234± 142 −1.98± 0.46 0.110 0.90 (17)
990510 −0.97 3.3× 10−5 154± 40 −2.38± 0.60 0.366 0.10 (6)
Note. — A power–law relation between the two parameters is assumed:
Ep,i = K(
δ
δ0
)m. In addition to the best–fit parameters K, m, and the median
value δ0, the correlation coefficient ρ, NHP , and the best–fit reduced χ
2 with
the corresponding dof are reported.
Table 7. Correlation analysis results between seed photon temperature kTs,o and 2–2000 keV flux.
GRB ρ NHP a m χ2 (dof)
970111 0.71 7.1× 10−2 3.7± 0.6 0.52± 0.11 2.8 (5)
980329 0.71 1.1× 10−1 301± 219 0.38± 0.10 0.34 (4)
990123 0.46 8.6× 10−2 2.7± 0.6 0.51± 0.12 0.86 (13)
990510 0.38 3.5× 10−1 5.1± 1.0 0.79± 0.15 2.8 (6)
Note. — A power–law relation between the two parameters
is assumed, i.e. kTs,o = a(flux)
m. In addition to the best–fit
parameters a and m, the correlation coefficient ρ, NHP , and the
best–fit reduced χ2r with the corresponding dof are reported.
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Table 8. Correlation analysis results between seed photon temperature kTs,i and photospheric radius
Rph for each of the GRB with known z and for all of them together.
GRB ρ NHP K (keV) m R0ph (cm) χ
2 (dof)
970111 -0.93 2.5× 10−3 6.0± 2.8 −0.79± 0.47 4.33× 1013 0.07 (5)
980329 -0.82 4.1× 10−2 11.7± 6.8 −1.58± 2.96 1.35× 1014 0.10 (4)
990123 -0.96 2.3× 10−8 2.12± 1.18 −1.01± 0.67 4.03× 1014 0.05 (13)
990510 -0.95 2.6× 10−4 3.7± 0.8 −0.65± 0.13 1.49× 1014 0.04 (6)
980329+990123+990510 −0.88 1.7× 10−10 3.76± 0.72 −0.92± 0.17 2.32× 1014 0.21 (29)
Note. — A power–law relation between the two parameters is assumed, i.e. kTs,i = K(Rph/R
0
ph)
m.
In addition to the best–fit parameters K, m and the median value R0ph, the correlation coefficient ρ,
NHP , and the best–fit reduced χ2r with the corresponding dof are reported.
Table 9. Correlation analysis results between the low-energy photon index of the Band function −αbf
and the bulk parameter δ.
GRB ρ NHP K m δ0 χ
2
r (dof)
970111 0.96 1.8× 10−4 1.60± 0.17 6.33± 0.67 0.42 0.9 (6)
980329 0.94 4.8× 10−3 1.31± 0.45 9.0± 5.0 0.217 0.06 (4)
990123 0.62 4.1× 10−3 0.96± 0.10 6.03± 1.44 0.16 0.36 (17)
990510 0.57 0.13 2.06± 0.58 4.87± 2.00 0.47 0.47 (6)
Note. — A linear relation between the two parameters is assumed:
−αbf = K +m(δ − δ0). In addition to the best–fit parameters K, m and
the median value δ0, the correlation coefficient ρ, NHP , and the best–fit
reduced χ2r with the corresponding dof are reported.
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Table 10. Correlation analysis results between the intrinsic (redshift corrected) electron temperature
kTe,i and the GRB luminosity (in units of 10
52), for each of the 3 GRBs with known redshift, and for the
sum of the two events (990123 and 990510) that show a variable kTe,i during the prompt emission.
Parameter 980329 990123 990510 990123+990510
ρ −0.08 0.82 0.76 0.87
NHP 0.87 1.8× 10−5 2.8× 10−2 5.04× 10−9
K 173± 19 67.1± 5.5 79.4± 4.5 74.04± 3.47
m 0.06± 0.07 0.28± 0.03 0.34± 0.08 0.25± 0.02
L0iso 1.068 1.068 1.068 1.068
χ2r 0.46 1.07 2.8 2.08
dof 4 17 6 25
Note. — A power–law relation between the two parameters is assumed:
kTe,i = K(
Liso
L0iso
)m. In addition to the best–fit parameters k, m and the
median value L0iso, the correlation coefficient ρ, NHP , and the best-fit
reduced χ2r with its dof are reported. The relatively high χ
2
r found for
990510, and for 990123 and 990510 by merging their data together, is due
to an intrinsic spread of the data points around the best–fit power–law.
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Fig. 1.— Light curves of GRBs 970111, 980329, 990123, 990510, detected with BeppoSAX WFC (2–28
keV) and BATSE (25–2000 keV). The intervals, in which the time–resolved spectra were derived, are also
shown.
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Fig. 2.— Spectral behaviour of the GRBCOMP model in EF(E) units as a function of the outflow velocity
β. The fixed parameters are kTbb = 1 keV, kTe,i = 100 keV, τ =5 and αboost = 1.5. The peak energy Ep
slightly decreases for increasing values of β because of the Doppler effect for subrelativistic outflow (see
Laurent & Titarchuk 2007) due to first order Fermi effect, which is proportional to β. When β = 0.5 or
higher, the second order Fermi effect (proportional to β2) starts to be important and essentially adds its
contribution to the thermal Comptonization process. This effect is dictated by the parameter fb = 1+β
2/3θ
in the thermal Comptonization term of the Fokker-Planck operator (see Eqs. 1 and 4 in T12). Of course,
the relative contribution of the β and β2 terms depends on the electron temperature kTe.
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Fig. 3.— In red: Temporal evolution of the grbcomp best–fit parameters, 2–2000 keV flux and Null
Hypothesis Probability (NHP ). The best–fit parameters are given in the observer frame. For GRB970111,
a redshift z = 1 was assumed. In the order from top to bottom: electron temperature kTe, power–law
photon index αboost, effective optical depth τeff , seed photon temperature kTs, photospheric radius Rph,
2–2000 keV flux, and NHP , for each of the GRBs 970111, 980329, 990123, and 990510. For comparison
with the other tested models, at the top of each panel it is shown the time behavior of the best–fit peak
energy Ep,o of the EF (E) spectrum, when bf as input model is adopted, while at the bottom of each panel
it is shown the NHP behaviour obtained for bf (in green), for bb + pl (in blue), when only BATSE
spectra of the GRBs in our sample are fit with bb + pl (in black). Rph is obtained from the normalization
constant of the grbcomp model.
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Fig. 4.— Cumulative distribution of the Null Hypothesis Probability (NHP ) derived from the best fit
of the tested models to all time–resolved spectra. In ordinate, the fraction of spectra that show a NHP
less than the value reported in the x–axis. For joint BATSE+WFC spectra, green: Band function; red:
grbcomp; blue: bb + pl. For best fits of bb + pl to BATSE spectra alone: black.
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Fig. 5.— Best–fit results of a few examples of time–resolved spectra fit with a BB+PL model (see Table 3
for GRB interval identification number): GRB970111: interval 6; GRB980329: interval 4; GRB990123:
interval 13; GRB990510: interval 7.
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Fig. 6.— Top panels: count spectrum of the interval No. 7 of GRB970111 and its fit with bf (left) and
bf+bb (center). Bottom panels: EF (E) spectrum of the same interval, with, at the left side, the bf+bb
best–fit components and their sum, at the right side, the grbcomp best–fit curve.
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Fig. 7.— Correlation between kTe,i and Ep,i for each of the GRBs 970111, 980329, 990123, and 990510.
The best–fit power–law curve is also shown.
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Fig. 8.— Dependence of the time–resolved electron temperature kTe,o, obtained from the best fit of the
grbcomp to the joint WFC+BATSE spectra, on the 2–2000 keV flux measured in the corresponding
interval. The best–fit power–law curve is also shown.
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Fig. 9.— Correlation between the peak energy derived from the bf fit to the time–resolved spectra and
the bulk parameter δ of the grbcomp model, for GRBs 970111, 980329, 990123, and 990510. The best–fit
power–law curve is also shown.
– 44 –
Fig. 10.— Seed photon temperature kTs as a function of the prompt emission time–resolved flux for GRBs
970111, 980329, 990123, and 990510. The best–fit power–law curve is also shown.
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Fig. 11.— Intrinsic seed photon temperature kTs,i as a function of the photosperic radius at which seed
photons are emitted, for GRBs 970111, 980329, 990123, and 990510. In the case of GRBs 970111, a redshift
z = 1 was assumed. The best–fit power–law curve is also shown.
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Fig. 12.— Superposition of the intrinsic seed photon temperature kTs,i points for GRBs with known redshift
(980329, 990123 and 990510) versus the corresponding photosperic radii Rph at which seed photons are
emitted. The best–fit power–law curve is also shown.
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Fig. 13.— Top panel: Theoretical dependence of the intrinsic peak energy Ep,i of the EF (E) spectrum
on the electron temperature kTe,i as derived from numerical simulations of the grbcomp model. The
data can be fitted by a power–law function Ep,i = a(τ)(kTe,i)
b(τ). An outflow velocity β = 0.2 is assumed.
Bottom panel: dependence of the normalization factor a(τ) and index b(τ) as a function of the optical
depth τ . The best–fit curves of a(τ) and b(τ) are also shown, while the expression of the fitting functions
and best-fit parameters are reported in the text. Note that b(τ) asymptotically tends to 1, leading to a
linear relation between Ep,i and kTe,i, as expected for saturated Comptonization.
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Fig. 14.— Correlation between the low-energy index αbf derived from the best fit of the bf to the time–
resolved spectra and the bulk parameter δ of the grbcomp model, for GRBs 970111, 980329, 990123,
990510. The best–fit curve is also shown.
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Fig. 15.— GRB980329 Ep,i dependence on optical thickness τ .
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Fig. 16.— GRB980329 Rph dependence on 2–2000 keV flux.
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Fig. 17.— Top panel: Theoretical dependence of the Comptonization amplification factor (CAF) as a
function of the electron temperature kTe,i obtained with the grbcomp model. The obtained values are
described by a power–law functionηcomp = p(τ)(kTe,i)
q(τ). An outflow velocity β = 0.2 is assumed. Bottom
panel: dependence of the power-law parameters p(τ) and q(τ) on the optical depth τ . The best–fit curves
are also shown and the empirical fitting functions of the parameters are given in the text.
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Fig. 18.— Top panels: Intrinsic kTe,i as a function of the 2–2000 keV luminosity for GRBs 990123
(left panel) and 990510 (right panel). Bottom panel: Average intrinsic electron temperature kTe,i of the
grbcomp model as a function of the 2–2000 keV isotropic luminosity Liso, obtained by merging together
the data points of GRBs with known redshift (990123, 990510). The continuous line gives the best–fit
power–law curve (see Table 10).
